In this study we modeled a patient specific 3D knee after anterior cruicate ligament (ACL) reconstruction. The purpose of the ACL reconstruction is to achieve stability in the entire range of motion of the knee and the establishment of the normal gait pattern. We present a new reconstruction technique that generates patient-specific 3D knee models from patient's magnetic resonant images (MRIs). The motion of the ACL reconstruction patients is measured by OptiTrack system with six infrared cameras. Finite element model of bones, cartilage and meniscus is used for determination stress and strain distribution at different body postures during gait analysis. It was observed that the maximum effective von Mises stress distribution up to 8 MPa occurred during 30% of the gait cycle on the meniscus. The biomechanical model of the knee joint during gait analysis can provide insight into the underlying mechanisms of knee function after ACL reconstruction.
Introduction
There is always a question what are dynamic loading conditions to which cartilage is exposed during daily activity. It is fundamental for diagnosing and treating joint disease, since dynamic loading affects the movement of tissue growth factors [1] . Interaction between several factors (anatomical, functional and biological) has influence on cartilage degeneration. Determining cartilage progression rate is based on defining abnormal loadings during gait cycle which contribute to cartilage wear.
Many researchers analyzed biomechanical models of the knee joint based on the finite element method. These models provide significant insight into the stress and strain distribution and contact kinematics at the knee joint [2] , [3] , [4] , [5] , [6] and have been used to investigate the effect of ligament injury [7] , [8] . In these studies the knee joint was generally subjected to axial loads with the knee flexion angle fixed and subject-specific data were not used to define the joint geometry and loading conditions. To address these shortcomings, here, we propose a construction of subject-specific biomechanical model of the human knee joint by combining magnetic resonance imaging (MRI) of the knee joint, motion analysis measured with camera system and finite element analysis of subject-specific 3D knee models.
Related Work
Normal knee functions lie in complex relationship of the movement and stability. Knowing knee kinematics is of great importance for getting relevant knee functions information which can be used for improving treatment of the knee pathology. Clinical and functional indicators of the surgery results of the anterior cruciate ligament show decrease of the tibial translation during gait activity in the postoperative period. Some studies show patients' ability to reduce tibial translation at the deficient knee although knee laxity is obvious. Reduction of the tibial translation is influenced by muscle activity. Primary task of the reconstruction surgery is to reduce translation of the tibia in the sagittal plane [9] , [10] , [11] .
Tibial translation generally drives knee stability after anterior cruciate ligament reconstruction. The problem can still develop in spite of a decrease in excessive anteroposterior tibial translation after surgical procedure.
K. Manal et al. show that movement of the soft tissue of the lower limb could influence on the appearance of error during estimation of the tibial translation [12] . B. Gao et al. show that there exists significant change in the joint kinematics between deficient anterior cruciate ligament and healthy knee. After reconstructive surgery some differences corrected, but normal knee kinematics is not completely restored. In this study for measured purposes we used method for gait analysis and optimization algorithm in order to reduce analysis errors caused by movement of the soft tissue [13] .
According to the numerous studies during in vitro and in vivo experiments tibial translation along AP direction has been noticed in the case of the deficient anterior cruciate ligament knee, which confirms the findings in our study, shown at the Figure 3 [14] , [15] . Maximal values of the tibial translation along ML, IS, and AP directions appear in the early stance phase. The ligament reconstruction surgery decreases tibial dislocation along all above mentioned directions.
The stability of the human knee joint is influenced by comprised elements such as ligaments, menisci and muscles. If deficient anterior cruciate ligament knee is not reconstructed, it indicates degenerative process on the cartilage [8] , [9] , [15] .
In this paper we used a nonlinear porous finite element analysis for cartilage and meniscus and linear model for knee stability after anterior cruciate ligament reconstruction. It is very important to better understand cartilage and meniscus behavior to different loading condition. Many medical doctors found that the cartilage injury was most severe over the superficial zone of the posterior lateral tibia. It is impossible to measure injury in vivo patients even with today's state of the art for the image reconstruction methods. By comparing the computer simulation stress and strain cartilage and meniscus values we will be able to assess the severity of each patient's injury more accurately.
The paper is organized as following. We firstly present methods for experimental measurement, 3D image segmentation and reconstruction and finite element model of cartilage and meniscus. Then some results for coupled measurement and computational analysis are described. At the end some discussion and conclusion remarks are given.
Methods

Experimental measurements
Gait analysis was performed with nineteen adult men which are voluntarily participated in the experimental measurements. Subjects had a mean height of 183.33cm (S.D. 2.24), mean weight of 86kg (S.D. 3.48) and mean age of 29.89 years (S.D. 1.73). Subjects are recreational or professional sportsmen. Test analysis and surgery were performed at Clinical Centre Kragujevac, (Clinic for Orthopedics and Traumatology). Kinematic data were collected with a three -dimensional (3D) motion analysis system (OptiTrack). This system consist of recording software ARENA and six infrared cameras (V100:R2) resolution 640x480 pixels with frame rate of 100 fps. Cameras were placed along a pathway. For defining and processing kinematic data the global coordinate system was used because it is stationary, it does not depend on the subject and it is not influenced by marker's position. Global coordinate system was defined with z -axis coincidence with inferior -superior (IS) direction, x -axis coincidence with medial -lateral (ML) direction, and y -axis coincidence with anteriorposterior (AP) direction [8] .
The study was performed in order to define kinematics data of the lower limb during performing gait activities in patients with deficient anterior cruciate ligament of the knee. Four passive reflective markers were placed at the anatomical landmarks of the lower extremity in order to minimize muscle activity. Landmarks were defined at the great trochanter region (GTR), at the femoral lateral epycondile (LEF), at the tuberosity of the tibia (TT), and in the region of the center of the ankle joint (CAJ) ( Fig.1 ).
Fig. 1. The marker set used in the gait analysis experiment
Subjects performed normal walk at a self -selected speed along pathway about 5.00m. The day before surgery were recorded signals, first at the knee with deficient AC ligament, and then at the healthy knee. Every subject was asked to perform this task four times. Experiments are repeated after 15 days, and after 6 weeks. In this paper the results of the gait analysis after 6 weeks are shown.
Since subjects had deficient anterior cruciate ligament of the knee, during walking ( Fig.2 ), in one moment (point TTi) the knee is stable, but in the next moment there is a tibial shift (point TTi+1).
According to above mentioned, tibial dislocation was defined by successive calculating the affine coordinates along IS, ML, and AP directions [9] with equations (1)-(3):
LEGEND: LEF -lateral epycondil of the femur, TTi -tuberosity of the tibia in i-th moment, TTi+1 -tuberosity of the tibia in i+1-th moment, dTTAP -tibial dislocation along AP direction, dTTML -tibial dislocation along ML direction, and dTTIS -tibial dislocation along IS direction. Using obtained data point we apply eight order Fourier series approximation to estimated the curves of tibia dislocation for a specific patient (Fig.3) .
The diagrams in Figure 3 indicate that tibial dislocations along ML and IS directions before and after surgery are very small, and they do not have big influence on the knee stability [9] , [10] . Mean value of the tibial translation before surgery along ML direction is:0.656 mm (S.D. 0.512 mm), and along IS direction is 0.553 mm (S.D. 0.445 mm). It can be seen that values of the tibial translation along ML and IS direction decreased after surgery. Mean values of these translations along ML direction is 0.387 mm (S.D. 0.324 mm), and along IS direction is 0.122 mm (S.D. 0.099 mm).
AP translation has big influence on the knee stability at knees with deficient anterior cruciate ligaments. The fitted curves on Figure 3 which describe AP translation have high amplitudes [9] , [10] . In swing phase of the gait cycle which correspond to 40% of the horizontal axis can be seen sharp decline of the curve before surgery. Mean value of the AP translation before surgery is 4.543 mm (S.D. 3.658 mm). After ligament reconstruction, motion curve of the tibial translation has lower amplitudes and shows stability in swing phase. Mean value of the AP translation after surgery is 6.623 mm (S.D. 0.662 mm). Student t -test was used for purpose of the statistical significance of the experimental results. It can be seen that there was significant difference in tibial translation along IS, ML, and AP directions in preoperational and post operational period for possible error p< 0.01 and for certainty of the P>99%.
Computational method
We take geometry of the finite element model from MRI slices for a specific patient after surgery. Our in-house implementation includes an interface for users to adjust the position of the virtual cutting plane to better match with the MRI slices. A user can also make hand corrections on the knee contours after the automatic segmentation process finish. Four reflective markers at the anatomical landmarks of the lower extremity are detected on MRI 3D reconstruction object. Figure 4 shows the interface of our knee segmentation system. The algorithm for image segmentation and 3D object reconstruction from the MRI slices is following. Over all pixels a FE-mesh, initially uniform, is isotropically generated. We positioned the nodes of the FE-mesh at the centers of the existing voxels. This means that each FE overlaps 2x2 voxels in the 2D case or 2x2x2 voxels in the 3D case. The black circles represent nodes generated inside the object and the white circles denote nodes outside of the object. The nodes inside the object have a pixel or voxel value higher than the chosen threshold and the nodes outside the object have a value lower than the chosen threshold. Each FE node is assigned the grayscale value of the corresponding voxel. Note that the boundary between the black and white nodes is not smooth at this stage.
Because the FE-mesh is located on the surface boundary, some of its nodes (shown as the white circles) are on the outside of the object. Additionally, the grayscale pixel-values of those white nodes are lower than the chosen threshold value. By using a simple linear interpolation, we move these white nodes in the direction of the surface boundary toward the locations where the grayscale pixel-value would exactly match the threshold value. There are multiple methods available to move the nodes by linear interpolation. It is important to note that in some cases this linear interpolation might even move the node inside the object. The translation of the nodes may in some cases lead to a distorted (concave) FE-surface. The distortion of the FE-nodes can be evaluated with their Jacobian value. The Jacobian value is a matrix of the derivation of global to local finite element interpolation function and the quality of any mesh can be directly evaluated by its Jacobian value. Distorted FEs, which are not suitable for subsequent numerical calculations, show a negative Jacobian. To optimize the Jacobian, we implemented the standard Laplacian Smoothing Technique (LST) [16] . The LST usually takes a few loops (repetitions of step ii) over all FEs to achieve positive Jacobian values for all FEs. The results of applying the LST for 3D and 2D cases are shown respectively in the right panels of Fig. 5 ("After LST") [17] .
The finite element mesh is presented in Figure 6 . Very fine mesh up to one million of finite elements is used. For modeling of the cartilage and meniscus we implemented finite element formulation where the nodal variables are: displacements of solid, U; fluid pressure, P; Darcy's velocity, Q; and electrical potential, Φ . A standard procedure of integration over the element volume is performed and the Gauss theorem is employed. An implicit time integration scheme is implemented, hence the condition that the balance equations are satisfied at the end of each time step is imposed. The system of differential equations for each finite element is: 
The matrices and vectors are:
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Details about all variables in eqs (4) and (5) are given in [18] . The above equations are further assembled and the resulting FE system of equations is integrated incrementally, with time step t, transforming this system into a system of algebraic equations. A Newmark integration method is implemented for the time integration.
4.
Computational modeling results Fig. 7a . Effective von Mises stress distribution for patient specific femoral cartilage, meniscus and tibial cartilage during one gate cycle before surgery
The effective von Mises stress distribution for patient specific plane at femoral cartilage, meniscus and tibial cartilage during one gate cycle is presented in Fig. 7 . It can be seen that during 30% of the gait cycle the maximum effective stress up to 8 MPa occurred and the majority of the load occurred on the meniscus part. Higher deformation of the tibia after the surgery induced higher stress on the tibial cartilage part. We presented the effective stress results for the case before (Fig 7a) and after (Fig 7b) the surgery. There is a prolonged higher stress during time cycle after surgery than before surgery. The displacement distribution for patient specific femoral cartilage, meniscus and tibial cartilage during one gate cycle is presented in Fig. 8 . Again it is clear that surgical intervention of ACL reconstruction establish the larger range of motion for the knee which is more stable during gate cycle analysis. Fig. 9 . Displacement distribution in the three-dimensional patient specific FE model during one gate cycle before surgery Displacement distribution in the three-dimensional patient specific FE model during one gate cycle is presented in Fig. 9 . Only femoral cartilage, meniscus and tibial cartilage are presented due to clarify. Obviously large deformation occurred in the tibial cartilage part.
Damage can occur to the tibial cartilage as an isolated condition, or in conjunction with other knee injuries. ACL injuries are commonly associated with damage to the medial and lateral surfaces of the femur and tibia. Other injuries that can lead to articular cartilage damage are those resulting from a forceful impact on the knee joint, such as a tackle in football or soccer. Injury to the articular cartilage will lead to inflammation and pain in the knee joint and in the long term it is known to accelerate the onset of osteoarthritis.
Discussion and conclusions
Various interventions and surgical procedures are performed for preventing knee injury. Still there is a lack of fundamental understanding of the biomechanical factors that contribute to the development and progression of knee diseases. This study offers an innovative and robust approach to assess 3D kinetics of knee and the stress and strain distributions in the knee-based subjectspecific biomechanical models of the human knee joint, MRI imaging and measured kinematic data. It could open new avenues for objective assessment of knee functioning pre and post-operation. Some details of algorithms and source code about contour recognition and 3D reconstruction are also given in this paper.
Using kinematic data measured from gait analysis we prescribe displacement on the characteristics marker position and stress and strain distributions were analyzed. It was observed that the maximum effective von Mises stress distribution up to 8 MPa was happen during 30% of the gait cycle. The location of the maximum stress occurred on the meniscus part. Increased deformation of the tibia after the surgery induced higher stress on the tibial cartilage part.
Main contribution of this study is noninvasive effective stress calculation for a specific given patient. Input data are provided from gait analysis experimental measurements and effective stress analysis is calculated from finite element analysis. This will open a new avenue for preoperative and postoperative surgical planning and treatment of the knee for specific patients.
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